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ABSTRACT
Johnson, Bryan. Characterizing the role of tumor suppressors Merlin and Expanded in
the stem cell niche of Drosophila testes. Unpublished Master of Science thesis,
University of Northern Colorado, 2019
The ability of adult organisms to maintain tissue homeostasis and repair tissue in
response to injury is mediated by small groups of partially differentiated cells called adult
stem cells that support the tissue they reside in. Adult stem cell maintenance is highly
regulated by signals from the surrounding microenvironment referred to as the stem cell
niche. A better understanding of this process will have important implications for the
fields of both regenerative medicine and cancer biology. Due to the complexity of most
niche environments in mammals, we turned to the less complex model organism
Drosophila and the well-characterized niche in the testis. This niche contains multiple
populations of cells that function in a stereotypical way. The Hub cells are most apical
and form the foundation of the niche, the germline stem cells (GSCs) that ultimately
produce sperm and the somatic cyst stem cells (CySCs) that guide the germline cells
through differentiation both contact the hub. How these stem cells coordinate their
proliferation with one another remains a mystery. Recently, contact inhibition, mediated
by the tumor suppressor Merlin, was proposed as a mechanism to coordinate
proliferation. In other Drosophila tissues, Merlin appears to act somewhat redundantly
with the related tumor suppressor Expanded. The goals of this research were to
iii

discriminate the functional role of Merlin and Expanded in the cyst lineage of the testis
niche. In this study, we investigated the possible downstream signaling mechanisms that
Merlin may suppress by looking at three cellular pathways, EGFR, Rac1, and Akt/Tor,
that are known to be regulated by Merlin in other tissues and have distinct functions in
the Cyst lineage. We found that Merlin and Expanded cause cells in the cyst lineage to
outcompete the germline stem cells for access to the niche. When Merlin was always
active in its tumor suppressor role, we observed a similar phenotype to when Merlin was
lost. These similarities in phenotype between loss and gain of function support a model
where Merlin acts to balance multiple signaling inputs within the cyst lineage. Consistent
with this, we observed increased MAPK signaling in the cyst linage when Merlin was
lost, and a decrease in Tor signaling in constitutively activated Merlin, and that a balance
between these pathways is needed for proper stem cell maintenance and proliferation.
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CHAPTER I
INTRODUCTION
Specific Aims
Understanding how stem cells interact with their supporting somatic cells in vivo
to maintain their undifferentiated state is of critical importance. To study this, we used
the well-defined stem cell niche, in the apical tip of the Drosophila testis. In this niche,
the somatic cyst stem cells (CySCs) are critical for the proper differentiation and division
of the germline stem cells (GSCs), which produce cells that differentiate into sperm. Cyst
lineage cells encyst the germ cells always in a 2:1 ratio (1). Without proper encystment a
mitotic GSC will not finish cytokinesis (2). Despite the importance of encystment to
proper sperm production how this ratio is maintained and regulated is poorly understood.
A better understanding of how niches with multiple stem cell populations communicate
and regulate their division could lead to insights into developing more effective stem cell
and antitumor therapies.
Recently it has been shown that, although there is not cell cycle coordination
between the two stem cell populations, the dividing germ cell must be properly encysted
by two cyst cells for mitotic abscission to occur (2). Encystment is regulated by EGFR
signaling from the germline stem cells, and the small monomeric GTPase Rac1 (3).
Encystment provides a mechanism to coordinate cell proliferation and maintain the
proper 2:1cyst to germ cell ratio.
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Merlin, a tumor suppressor protein, has been shown to function as a regulator of
proliferation within the somatic lineage, as loss of merlin in the cyst lineage leads to an
over proliferation of cyst cells (4). Merlin is a diverse negative regulator of multiple
signaling pathways in response to contact inhibition of proliferation. Loss of Merlin has
also been shown to regulate EGFR signaling and Rac1 in some tissues (5, 6). Therefore, I
hypothesize that merlin serves to regulate key signaling pathways within the cyst lineage
to allow for proper division and encystment of dividing germ cells.
Merlin and Expanded are both members of the FERM super family of proteins
have been shown to function in a partially redundant manner in the wing and eye
imaginal discs of Drosophila to regulate cell proliferation and differentiation (7). Loss of
both tumor suppression genes leads to a greater over proliferation than loss of either
individually (8). Although Merlin has been implicated in regulation of proliferation in
CySCs, the role of Expanded was not investigated.
Merlin has been shown to regulate multiple signaling pathways in different
cellular contexts, such as the EGFR, Rac1, Hippo and Akt pathways (5, 7, 9). Each of
these pathways has a distinct role in the cyst lineage of the Drosophila testis, how these
different signals are regulated within the CySCs to coordinate proliferation and
differentiation with the GSC is unclear. Based on previously published work it is clear
loss of Merlin causes an increase in cyst cell proliferation (4); what remains unclear,
however, is what signaling pathways Merlin is regulating to suppress cyst lineage
expansion. This study investigated the signaling pathways regulated by merlin in the cyst
lineage, with a focus on the EGFR, Rac1, Akt pathways. These pathways were chosen

3
because of their key roles in the cyst lineage, and the strong support from the literature
that merlin regulates these pathways in various cellular contexts.
Aims, Research Questions and Hypotheses
A1

Investigate the role merlin and expanded in the regulation of the
proliferation in the cyst lineage.

Q1

How will loss of merlin or expanded individually compare to loss of
Merlin and Expanded in the cyst lineage?

H1

Loss of merlin and expanded will cause a greater increase in proliferation
in the cyst lineage that loss of each individually.

Q2

How will expression of a constitutively active form or merlin in the cyst
lineage effect proliferation?

H2

Expression of a constitutively active form of merlin in the cyst lineage will
result in a decrease in cyst cell proliferation leading to fewer overall cyst
lineage cells.

A2

Investigate the pathways regulated by merlin in the cyst lineage.

Q1

How does Merlin regulate the EGFR, RAC1 and Akt pathways in the cyst
lineage?

H1

Merlin will regulate all three of these signaling pathways within the cyst
lineage.
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CHAPTER II
REVIEW OF LITERATURE
Introduction to Stem Cells
Stem cells can be classified broadly into two categories, embryonic stem cells and
adult stem cells. Embryonic stem cells are pluripotent cells derived from the inner cell
mass of the blastocyst that are able to become all cell types in the adult organism (10).
Adult stem cells, however, are more restricted in the cell types they can differentiate into.
Some are multipotent stem cells that give rise to multiple lineages, such as the
hematopoietic stem cells, which make the cells of the blood and the immune system.
Others are unipotent, and give rise to only a single cell type (11). Adult stem cells are
maintained by the microenvironment where they reside. This specialized
microenvironment, also referred to as a niche, was first proposed in 1978 by Schofield to
describe the environment that maintained the hematopoietic stem cells in the bone
marrow (12). Since that first proposed niche, many more have been discovered, including
niches in the epithelium of the skin, the intestine, and the germline. However, finding and
working with these adult stem cells can be quite challenging, since they are very few in
number, and most are difficult to manipulate outside the tissue in which they reside. To
gain a better understanding of how these adult stem cells are regulated and maintained,
we turn to model systems such as Drosophila to provide important insights into the
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molecular pathways that underlie these niches (11). The insights gained by studying adult
stem cells in their niches will have a profound impact on the field of regenerative
medicine. These studies will also impact the field of cancer biology, as increasing
evidence shows that cancers have stem cell like cells, or cancer stem cells, that share
many of the same characteristics as normal adult stem cells (13). The model system we
used to gain insights into the regulation of adult stem cells by their niche was the well
characterized niche in the testis of Drosophila.
Drosophila Testis Niche
The stem cell niche in Drosophila is located at the apical tip of the testis and
contains three principle cell types that function together to produce cells that differentiate
into sperm (Figure 1). A group of 10-15 non-dividing somatic cells form the foundation
of the niche, these cells are called the hub cells (14). Attached to the hub cells are a group
of about 6-9 germline stem cells (GSCs) that divide asymmetrically, with one cell
remaining attached to the hub and self-renewing as a stem cell, while the other cell moves
away from the hub and differentiates (15). This differentiating cell is called a gonialblast
and will undergo a series of four transit-amplifying mitotic divisions leading to sixteen
spermatogonia, followed by two meiotic divisions as spermatocytes. Thus, each
gonialblast eventually differentiates into 64 sperm. Differentiation is spatially and
temporally organized within the tube that makes up the testis, with the stem cells at the
apical end, and differentiation gradually increasing as cells move toward the basal end of
the testis. This unique tissue architecture makes the testis an ideal stem cell niche model
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system, since cell populations can be identified by their tissue position, as well as by
other characteristics like molecular markers.

Figure 1: Model of testis niche from (1).

Each GSC in the niche is flanked by two somatic cells called cyst stem cells
(CySCs), which also contact the hub cells. Unlike the GSC daughters, the differentiating
daughters of the CySCs, the cyst cells, do not undergo amplifying division. Two cyst
cells immediately wrap their cytoplasm around a differentiating gonialblast, and as the
gonialblast undergoes transit-amplification, the cyst cells stretch to engulf (or “encyst”)
the entire cluster of germ cells, guiding them through differentiation. (16-18)
Stem Cell Competition
Within the testis niche the process of self-renewal and differentiation in both stem
cell lineages is highly regulated by local signals. Continued contact with hub cells is what
maintains the stem cell fate of both GSCs and CySCs. Due to limited space around the
hub, GSCs and CySCs compete with one another for access to the niche. Under normal
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physiological conditions, competition can be thought of as balanced, or neutral, with each
cell type being lost and replaced stochastically. One cell type does not outcompete the
other and homeostatic balance is maintained. Disturbances in the pathways that regulate
these stem cells can lead to non-neutral competition between GSCs and CySCs, where
one cell type gains a competitive advantage and dominates the niche (19). For example
when CySCs are mutant for Socs36E, a negative regulator of the JAK/STAT and MAPK
pathways, discussed in more detail below, they gain a competitive advantage over their
GSC neighbors and dominate the niche, resulting in a decrease in GSCs (20-22). Neutral
competition is maintained by a balance of proliferation, stem cell maintenance and
differentiation, and these processes are regulated by complex interactions of multiple
signaling pathways, many of which have been worked out. In CySCs the MAPK
signaling pathway has been identified as a regulator of CySC competitiveness; CySCs
with increase an increase in MAPK signaling out-compete both wildtype CySCs and
GSCs for access to the niche (22). Two other important pathways in regulating CySC
competitiveness are the Hippo and Hedgehog pathways; CySCs with overactivation of
either pathway out-compete both wildtype CySCs and GSCs for niche occupancy (23).
However, other investigators showed that loss of hippo or hyperactivation of Yorkie in all
cyst cells showed no phenotype (4, 24) suggesting that hyper-activation of the hippo
pathway may give CySCs an advantage over their wildtype counterparts, but balance is
restored when all CySCs have this advantage. These results taken together suggest that a
balance of multiple signaling pathways regulate cell competition at the niche to maintain
homeostasis.
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Mechanisms of Self-renewal in the Testis Niche
Stem cell fate in the CySCs is maintained via the Janus kinase and Signal
Transducer and Activator of Transcription (JAK/STAT). The ligand for the JAK/STAT
pathway, a cytokine called Unpaired (Upd) is secreted from the hub and activates the
Jak/Stat pathway in CySCs, promoting transcription of two transcription factors: zinc
finger homeodomain 1 (zfh-1) and Chronologically inappropriate morphogenesis
(Chinmo). Sustained expression of either activated STAT, zfh1, or chinmo in cyst cells
causes the testis to accumulate CySCs and GSCs that self-renewed away from the hub,
suggesting that activation of JAK/STAT, zfh-1, and Chinmo expression in the CySCs
contributes non-autonomously to the maintenance of germline stem cell fate as well (2527).
Despite its importance in CySC maintenance, JAK/STAT activation in GSCs is
not required to maintain stem cell fate. Instead, activation of JAK/STAT in GSCs
promotes continued contact with the hub, indicating the same signal can have different
effects depending on cell type (28). Self-renewal of the GSCs is regulated by the Bone
Morphogenic Protein (BMP) signaling pathway. Ligands for this pathway
Decapentaplegic (Dpp) and Glass bottom boat (Gbb) are expressed by both hub and
CySCs (29, 30). Activation of the BMP pathway in GSCs maintains stem cell fate via the
repression of the differentiation factor bag of marbles (bam) (30, 31). Again, the ability
for the same pathway to have different functions in different cell types is illustrated by
recent evidence that BMP signaling might serve as a mitogen for the cyst lineage cells,
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although another publication argued for a primary role for CySCs as a BMP ligand sink
to inhibit self-renewal outside the niche (4, 32).
Mechanisms of Differentiation in the Testis Niche
The process of differentiation is also highly regulated, mostly by cross talk
between the two differentiating cell lineages. For example, the TGF-β receptor Punt and
signaling cofactor Schnurri are required in the cyst lineage for germ cells to exit mitosis
at the 16-cell stage and begin meiosis (33). The epidermal growth factor receptor
(EGFR), a highly conserved receptor tyrosine kinase, is a key regulator of differentiation
in the cyst cell lineage and an important indirect regulator of germ cell differentiation.
The EGF ligand Spitz (Spi) and the EGFR are widely expressed, and activation of the
pathway in the testis depends on the expression of the ligand processing protease, Stet,
which activates Spi in the germline cells, leading to Spi secretion and activation of EGFR
on the cyst lineage cells (16, 34). Activation of EGFR leads to the activation of the
MAPK pathway in the cyst lineage, which contributes to stem cell maintenance and the
ability of CySCs to compete for niche space. CySCs with loss of function in EGFR
display the late stage differentiation marker Eya close to the hub, and EGFR mutant
clones are outcompeted from the niche (22). Other studies suggest that EGFR pathway
activation functions in a dose dependent manner with lower doses needed in CySCs and
higher doses in later stage cyst cells for proper differentiation (35). EGFR activation in
the cyst cells also regulates the proliferation of the germline cells as inhibition of egfr or
raf, a downstream effector of the EGFR pathway, leads to non-autonomous accumulation
of early-stage germ cells, and hyperactivation of EGFR or Raf leads to germline cells that
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do not go through TA divisions and cysts of one, two, four, or eight spermatocytes are
found instead of the normal 16, 32 (after meiosis 1), or 64 cell (after meiosis 2) cysts (1618, 35).
While cross talk between the germline and their somatic partners is important for
differentiation, lineage autonomous signals are also critical for differentiation. This can
be seen in the activation of the PI3K/Akt pathway in the cyst lineage where the
Drosophila insulin like peptide 6 (Dilp6) starts being produced by the immediate
daughters of CySCs and continues through differentiation. Dilp6 activates the only
Drosophila insulin receptor (InR) leading to the activation of PI3K/ Akt and ultimately
TORC1; this pathway activation leads to the differentiation of the cyst lineage. Cyst
lineage cells mutant for components of the Akt/ Tor signaling pathway or treated with
rapamycin, an inhibitor of Tor, fail to differentiate, resulting in cyst linage cells
expressing zfh-1 many cell lengths way from the hub (expression of zfh-1 in wildtype
testes is limited to CySCs and their immediate daughters). Consistent with the failure to
differentiate and the maintenance of a more stem cell like state, cyst cells mutant for the
Akt/ Tor pathway also showed cyst cells entering S-phase many cell lengths away from
the hub, something that should only be observed in CySCs. The CySCs protect
themselves from this fate by producing Imaginal morphogenesis protein-late 2 (ImpL2),
the Drosophila homolog of IGFBP7. ImpL2 antagonistically binds to Dilp6, preventing
CySC differentiation (36).
Another key aspect to proper differentiation and production of viable sperm is the
process of encystment by exactly two cyst cells. Lack of proper encystment of germ cells
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prevents cytokinesis between the GSC and the newly formed daughter cells, resulting in
defects in differentiation (2). Proper encystment of each gonialblast by two cyst cells is
also mediated through EGFR activation in cyst lineage cells. In addition to activation of
the map kinase pathway, EGFR signaling activates the small monomeric GTPase Rac1
through the guanine nucleotide exchange factor Vav. The activation of Rac1 and the
inhibition of another small GTPase Rho1 by EGFR facilitates the rearrangement of the
cytoskeleton needed to properly encyst the germ cell (3). While encystment is needed for
proper cytokinesis of the GSC and the newly formed daughter cell, it is not sufficient for
proper differentiation. After encystment occurs, a permeability barrier is formed between
the two cyst cells; this permeability barrier forms around the four cell spermatogonia
stage and serves to isolate the differentiating germ cells from the surrounding
microenvironment. The permeability barrier is formed by septate junctions, which are
functionally analogues to vertebrate tight junctions. Disruption in either initial
encystment itself, or the formation of the septate junctions at the end of encystment result
in defects in differentiation of the germ line. Although proper encystment is required for
the later formation of proper septate junctions, disruption of septate junction formation
does not affect the initial process of encystment (37).
Synchronization Between the Stem Cell Populations
While the molecular pathway behind the encystment and permeability barrier
formation are understood, less is understood about how this process is coordinated to
ensure the proper ratio of two cyst lineage cells to every one newly formed gonialblast. It
has been hypothesized that this ratio is maintained by synchronized divisions between a
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GSC and its neighbor CySCs (34). However, recent evidence shows GSCs and
neighboring CySCs will often have partially synchronized S-phase, though 25% of cells
observed showed no S phase synchronization. When M phase was examined there was
almost no synchronization, with 90% of cells observed showing no synchronization. Live
imaging of GSC division revealed a block of cytokinesis between the GSC and its newly
formed daughter cell. The block is removed and cytokinesis occurs once the daughter cell
becomes encysted by two cyst cells (2). While this provides a mechanism to ensure a
newly formed germ cell is properly encysted, it does not provide an explanation for how
proliferation is coordinated. If a newly formed daughter cell is not encysted shortly after
division it will divide again while still connected to the hub, resulting in a group of cells
with mixed GSC and gonialblast characteristics (2).
Normal cells experience contact inhibition where contact with other cells
generally stops cells dividing, even in the presence of mitogens. Loss of this inhibition
can enable tumorigenesis or metastasis of tumors (38). This regulation of proliferation
can also serve as a mechanism to maintain tissue organization by preventing over
proliferation (38).
Recently contact inhibition of proliferation has been proposed to regulate CySC
proliferation in response to GSC division mediated by the tumor suppressor protein
Merlin. As the GSC divides it disrupts cell-cell contacts between CySCs; this disruption
inactivates Merlin allowing for cellular proliferation. One hallmark of cells with
mutations in Merlin is a defect in the process of contact inhibition (9, 39, 40). Loss of
function of merlin in the cyst lineage via RNAi mediated knockdown or via a temperature
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sensitive merlin allele resulted in a modest accumulation of excess CySCs in the niche,
suggesting that CySC number might be regulated via contact inhibition through merlin
(4). The authors also found that the presence of Merlin also affected the phenotype
observed with overexpression of the BMP ligand Dpp. While dpp expression in the
presence of merlin was present had a negligible effect on the cyst lineage cells,
simultaneous loss of merlin together with dpp overexpression led to a massive
overgrowth of stem-like cells, suggesting that Dpp functions as a mitogen for the cyst
lineage, and Merlin normally acts to restrain this signaling via contact inhibition (4). In
some tissues, this loss of contact inhibition has been shown to be associated with defects
in cadherins and catenin accumulation at adherens junctions (AJs), suggesting that Merlin
either helps to assemble, or maintains the stability of these junctions (41, 42). Cyst
lineage cells with loss of function in merlin showed a decrease in the localization of Ecadherin and Armadillo, a component of AJs, between cyst cells. Over expression of Ecadherin in the cyst lineage partially rescued the over proliferation of cyst cells (4). While
the role of Merlin in the maintenance and stability of AJs plays an important role in
contact inhibition, this mechanism is an incomplete picture and cannot fully explain the
wide range of signaling pathways regulated by Merlin. Expanded, a related tumor
suppressor that has at least some redundant function with Merlin, has been shown to have
effects when lost in the testis. When Expanded was knocked down in the cyst cells, this
led to an increase in germline cell proliferation and caused cysts greater than 16 germ
cells (24). This result indicates that while Merlin and Expanded have redundant functions
they also have some diverging ones as well.
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Merlin and Expanded
Merlin is a tumor suppressor protein and a member of the FERM (four–point one,
Ezrin, Radixin, Moesin) domain superfamily that mediate contact inhibition of growth.
Merlin is encoded by the Nf2 gene in humans. Mutations in Nf2 lead to
Neurofibromatosis type 2 (NF2), a disease characterized by the development of benign
bilateral vestibular schwannomas on the eighth cranial nerve. Other brain tumors can also
develop in NF2 patients, such as meningiomas, ependymomas and schwannomas on
other cranial nerves (43, 44). Mutations in Nf2 are also implicated in other cancers; while
these mutations are not causal to tumor growth, they are associated with increased
invasiveness and chemo-resistance (45). Expanded (Ex) is also a tumor suppressor
protein and a member of the FERM domain superfamily. Expanded does not have a clear
ortholog in humans. However, studies in Drosophila have shown Merlin and Expanded
have semi-redundant functions, so in the context of Drosophila both proteins should be
considered (7, 8, 46). Expanded was first identified as a mutation that caused increased
wing size in Drosophila; further characterization of the protein identified it as a tumor
suppressor with homology to Merlin, placing it in the FERM superfamily (47-49).
Merlin activity as a tumor suppressor protein is largely controlled by a single
phosphorylation event on its C-terminus. In sub-confluent mammalian cells Merlin can
be phosphorylated at Ser518 by multiple kinases including p21 activated kinase (PAK)
and Protein kinase A. In Drosophila Merlin is phosphorylated by Slik, a Set20kinase, at
Thr616 (5, 50, 51). This phosphorylation event causes a conformational change that is
sufficient to inactivate Merlin’s tumor suppressor functions. The original model of this
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conformational change was based on other FERM domain proteins, which suggested that
this phosphorylation event disrupts Merlin’s head-to-tail association, inactivating
Merlin’s tumor suppressor function. Recent fluorescence resonance energy transfer
(FRET) and small-angle neutron scattering studies of Merlin’s various conformational
states indicate that both phosphorylated and dephosphorylated Merlin adopt closed
conformational states, with the phosphorylated form of Merlin having a more closed
conformation state (52-54). In Drosophila, when cells become contact inhibited, Merlin
is dephosphorylated by the PP1 phosphatase Flapwing, and this event suppresses
proliferation (55). In mammalian cells, dephosphorylation of Merlin is mediated by the
myosin phosphatase MYPT1-PP1d (56). While the exact mechanism behind how Merlin
accomplishes contact inhibition is still unknown, multiple lines of evidence have shown
Merlin is capable of regulating many different signaling pathways, including the EGFR,
Rac1, Hippo, and mTORC1, as well as other RTK pathways such as PDGF, IGF, and
Erb2 (6, 9, 41, 46, 57, 58). The mechanism(s) by which Merlin regulates these diverse
pathways is not clearly defined and may vary depending on species and cellular context.
Merlin is localized to the cellular cortex and tends to localize at adherens
junctions. Here, Merlin can interact with transmembrane proteins and may link protein
complexes to the cytoskeleton for endocytosis (59). In Drosophila, Merlin and Expanded
have been shown to regulate the endocytosis of multiple signaling receptors, including
those for EGF, Notch, Hedgehog and Wingless signaling. Loss Merlin and Expanded
leads to increased levels of all four receptors on the membrane, and therefore increased
signaling (7). In mice, however, Merlin seems to sequester EGFR to the plasma
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membrane and keep it from interacting with its downstream effectors (60). In cells taken
from patients with NF2 there is increased signaling from multiple RTKs such as Erb2,
PDGF and IGFR (57, 58). While the precise mechanism seems to differ between
mammals and Drosophila, the role of Merlin in downregulating RTK signaling is
conserved.
Strong evidence supports Merlin’s role in inhibiting the small GTP-binding
protein Rac1. Rac1 is a member of the Ras family that plays a key role in the remodeling
of the actin cytoskeleton to promote movement, as it localizes to the leading edge of
migrating cells (61). Rac1 can also be a potent activator of the cell cycle, through the
activation of Ras, in some cellular contexts, and has been implicated in multiple cancers
(62). Merlin has been shown to regulate Rac1 in multiple contexts. In confluent
endothelial cells, Merlin blocks Rac1’s association with the membrane, thereby inhibiting
its activation, and knockdown of Merlin rescues Rac1’s association with the membrane
(39). Other evidence points to Merlin regulating Rac1 indirectly through blocking the
access of Rac1 to its activator Pak, or by displacing Rich1, a negative regulator of Rac1
(6, 63). Merlin can also be negatively regulated by Rac1 and PKA suggesting a mutual
inhibition model, where cells that are sub-confluent and need to grow can keep Merlin in
check, and when they reach confluence Merlin becomes activated and can keep Rac1 and
PKA activity suppressed (64).
The context in which Merlin and Expanded have been studied most extensively is
their effects on the Hippo signaling pathway. The Hippo pathway is a highly conserved
pathway that plays an important role in the regulation of cell survival and proliferation.
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Activation of this pathway leads to the phosphorylation and repression of the
transcriptional coactivator Yorkie, YAP in mammals (65). Loss of function of Merlin or
Expanded leads to an increase in the activation of Yorkie, which causes over proliferation
(46). Initially it was thought that Merlin and Expanded bound to one another to regulate
the Hippo pathway (8). However, Merlin and Expanded were found to localize to distinct
regions of the apical membrane and seem to independently regulate the Hippo pathway.
Merlin binds with Kibra (Kib) to recruit Salvador to the medial apical cortex, Salvador
then recruits the core Hippo kinase, activating the Hippo pathway, while Expanded binds
to the transmembrane protein Crumbs to recruit Salvador to the junctional cortex, to
activate the Hippo pathway (66, 67).
Another key pathway in cell survival and proliferation regulated by Merlin is the
mTOR pathway (68). Studies of human schwannomas and meningiomas in individuals
with NF2 found that the PI3K/ Akt pathways were active, leading to a constitutively
activated mTORC1 (69). There seem to be multiple ways Merlin could inhibit this
signaling cascade, through direct inhibition of PI3K, or by inhibiting the upstream RTKs
that activate PI3K. Merlin has also been shown to inhibit mTORC1 independently of
PI3K/Akt, though the mechanism behind this inhibition remains unclear (45). The
relationship between Merlin and TOR in Drosophila is unclear and has yet to be
investigated. Taken together, this data indicate Merlin is capable of regulating multiple
signaling pathways to inhibit the proliferation of cells. With the diverse array of signaling
pathways regulated by Merlin, the question then becomes, how does Merlin function with
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its related tumor suppressor Expanded in the regulation of CySC and germ cell
proliferation in the testis niche?
No study has looked at the effect of loss of both proteins in the cyst lineage.
However, considering the growth suppressive the function of these two proteins in other
cell types, Merlin and Expanded are theoretically in a position to play an important role
in the regulation and integration of multiple pathways in the cyst lineage of the testis.
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CHAPTER III
METHODS
Fly Stocks and Husbandry
All fly stocks were maintained at room temperature. Crosses were also performed
at room temperature unless otherwise specified, and after eclosion flies were transferred
to 29°C, allowing for maximum Gal4 expression and inactivation of merlin in Merts1
flies. A complete list of fly lines used is shown in Table 1.
Table 1: Fly lines used in this project, with relevant genotype information.
Stocks

Source

C587Gal4

Gift from Erica Matunis

CantonS (wt)

Bloomington stock center

UAS ExRNAi

Bloomington stock center (ID#34968)

UAS MerRNAi/ Tm3sb

Bloomington stock center (ID#28007)

Merts1b

Gift from Yukiko Yamashita

Merts1a

Gift from Yukiko Yamashita

Merts1/Fm6; Tjgal4/Cyo

Gift from Yukiko Yamashita

UAS MerT616A

Gift from Richard Fehon

UAS Mer1-600

Gift from Richard Fehon

UAS EGFRRNAi

Bloomington stock center

UAS RAC [N17]

Gift from Greg Bashaw

UAS RAC [V12]

Gift from Greg Bashaw

w; Vasa-GFP

Bloomington stock center (ID#76126)

tGPH; Sb[1]/ TM3,Ser[1]

Bloomington stock center (ID#8163)

UAS-2xOsh2PH-GFP

Bloomington stock center (ID#57353)

UAS TSC2 (gig) RNAi / TM3sb

Bloomington stock center (ID#34737)
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Immunostaining
Testes were dissected in Ringers solution, then fixed in 4% formaldehyde in
Buffer-B (75 mM KCl, 25mM NaCl, 3.3mM MgCl2, 16.7mM KPO4) plus 0.1% Triton
X-100 for 20 minutes. After washing in PBTx (1X phosphate buffered saline with 0.1%
triton X-100) for 15 minutes, testes were incubated in blocking solution (4% normal
donkey serum, .01% Na Azide, in PBTx) for at least one hour. Blocking solution was
removed and primary antibodies were added and incubated overnight at 4°C. Primary
antibodies used for this study are as follows; mouse anti-fasciclin 3 used to stain the hub
(1:20, Developmental Studies Hybridoma Bank), goat anti-vasa to stain the germline
cells (1:200, Santa Cruz), rabbit anti-vasa to stain the germline cells (1:200, Santa Cruz),
guinea pig anti-TJ antibody to stain the cyst lineage cells (1:10,000, kind gift of Dorothea
Godt (70)), rabbit anti-zfh-1 antibody to stain the CySCs (1:5000, kind gift of Ruth
Lehmann (71), rat anti-Ecadherin antibody to stain the hub and cyst lineage membranes
(1:20, Developmental Studies Hybridoma Bank), mouse anti-phosphohistone H3 to stain
cells in mitosis (1:500, AbCam), chicken anti-GFP (1:1000, AbCam), rabbit antiPhospho-p44/42 MAPK (dpErk) to stain for MAPK pathway activation (1:200, Cell
Signaling), and mouse anti-Eya to stain for later stage differentiating cyst lineage cells
(1:20, Developmental Studies Hybridoma Bank). After primary antibody incubation,
samples were washed in PBTx, then secondary antibodies were added and incubated for
at least 1 hour. All secondary antibodies were from Jackson ImmunoResearch. Samples
were rinsed in PBTx then stained with Hoechst 33342 (1 ug/mL) to label DNA. Samples
were then washed in PBTx and transferred to a 50% glycerol 50% Ringers solution for at
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least 30 minutes. Testes were mounted on slides in 90% glycerol mounting media with
N-propyl gallate anti-bleaching agent and visualized using a Zeiss 700 confocal
microscope. Z stacks of each testis were taken at .5µm intervals. ImageJ was used for all
image analysis.
For dpErk stains samples were dissected in 10mM Tris HCl,pH 6.8, 180mM KCl,
50mM NaF, 10mM NaV04 and 10mM b-glycerophosphate, to inhibit phosphatase
activity (22). Samples were fixed using 4% formaldehyde in the same solution used for
dissection for 30 minutes. The rest of the stain was carried out as described above, though
all minimum times were adhered to and slides were imaged on as soon as possible after
mounting. All microscope settings were held constant between experimental and control.
ImageJ was for image analysis.
Intensity Measurements
To accurately compare dpERK and pE-BP1 intensity between control and
constitutive Merlin testes, identical antibody staining conditions were used, and identical
microscope imaging settings between the separate samples were used. Because phosphostains can fade with time samples hypothesized to have an increased intensity were
imaged after the controls and vice versa. In order to compare dpERK intensity in only the
relevant regions of the testes, the 3D objects counter in ImageJ was used to generate a 3D
surface map of all Tj+ cyst cell nuclei, then using the masking/ redirect function in
ImageJ, average intensity measurements for each Tj cell nuclei could be taken based of
the dpERK image. Then the mean intensity of dpERK in each TJ cell was averaged, to
get a per testes average of dpERK intensity, the per testis intensities were then averaged
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between testes, to limit possible bias in comparing different testes. Intensity values were
compared using student t-test. A macro was also employed to aid in analysis as well as
limit the amount of subjectivity in taking measurements (Fig. 2)
title = getTitle();
run("Split Channels");
four = "C4-" + title;
three = "C3-" + title;
two = "C2-" + title;
one = "C1-" + title;
selectWindow("C4-" + title);
run("Brightness/Contrast...");
setMinAndMax(10, 70);
run("Apply LUT", "stack");
selectWindow(three);
run("Brightness/Contrast...");
setMinAndMax(0, 75);
run("Apply LUT", "stack");
run("3D OC Options", "mean_gray_value median_gray_value maximum_gray_value dots_size=8 font_size=12 show_numbers
white_numbers store_results_within_a_table_named_after_the_image_(macro_friendly) redirect_to=["+three+"]");
selectWindow("C4-" + title);
run("3D Objects Counter", "threshold=50 slice=7 min.=100 max.=62914560 surfaces statistics summary");

Figure 2. Macro for analyzing dpERK and pE-BP1 intensities, written in Ij1 macro
language. Adjustments for Tj intesnsity (C4) were set for first sample then left constant.
Any intensity adjustment to the phospho channel (C3) were kept constant between
experimental and control. Threshold value was adjusted for first sample then left
constant.

Edu Stains
To investigate cells in S-phase, Edu labeling was performed using the Click-iT
EdU Cell Proliferation Kit for Imaging, Alex Fluor 647 (Molecular Probes/ThemoFisher,
ref# C10340). Edu, or 5-ethynyl-2-deoxyuridine, is a thymine analog that gets
incorporated into cells actively in S-phase. Testes were dissected in Ringers solution,
then incubated in 10 uM Edu solution for 30 minutes. Dissections were performed as
described above. After secondary antibody incubation, the samples were washed in
PBTx, then the click-it reaction was performed per the manufacturer’s instructions. This
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reaction tags Edu with the 647 azide fluorophore. Samples were mounted and imaged as
described above.
Permeability Assay
To visualize defects in encystment, permeability assays adapted from Guy
Tanentzapf’s protocol were performed (37). Before dissection, glass bottom cover dishes
were coated with Poly-L-lysine (1.0 mg/mL in 100mM Tris pH 8.5) overnight at 4°C, to
allow testes to adhere to the glass (2). Flies were dissected in Ringers solution, and testes
were transferred to the glass bottom dish. The Ringers solution was then removed. To
ensure the sample had adhered to the glass, Ringers solution was added again then
removed. 10 kDa Dextran conjugated to Alexa fluorophore-647 (Invitrogen, ref#
D22914) was used at a final concentration of 0.2 µg/µl in Schneider’s Drosophila
Medium (Gibco, ref # 21720-024). The Dextran was added to the sample following the
removal of the Ringers and allowed to incubate for 30 minutes. Samples were then
imaged as described above and analyzed in ImageJ.
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CHAPTER IV
RESULTS
Merlin and Expanded Loss of Function
A previous study on merlin in the Drosophila testis niche showed that Mer
protein accumulates in the cyst lineage cells, and inhibition of Mer led to a modest
increase in the number of CySCs (4). To expand upon this study, we decided to
investigate the dual requirement for merlin and its semi-redundant family member
expanded. Loss of function of merlin or expanded in cyst lineage cells was accomplished
by RNAi mediated knockdowns of merlin and expanded using the cyst lineage specific
Gal4 drivers, c587-gal4 and Tj-gal4. A temperature sensitive loss of function allele for
merlin, Merts1, was also used to inactivate Mer when shifted to the non-permissive
temperature, 29°C (72).
RNAi mediated knockdowns of either merlin or expanded resulted in slight
increases in the number of cyst cells, as shown by an increase in the number of cells
stained by the antibody for the transcription factor traffic jam (Tj). Tj marks both the
CySCs as well as later stage differentiating cyst cells (73). C587-gal4> Uas-MerRNAi aged
for 15 days at 29°C showed a statistically significant increase in the number of Tj
positive cyst cells compared to control, with an average of 68.5 Tj+ cells in MerRNAi
testis compared to an average of 43.5 Tj+ cyst cells in control testis (Fig.3A and B,
p=<0,001). These results are consistent with those previously reported by Inaba et al
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(2017). Loss of Expanded (c587-gal4> Uas-ExRNAi) also caused an increase in Tj+ cyst
cells compared to control, with an average of 76.7 Tj+ cyst cells, compared to 62.7 in
control testis (Fig.4A and B).
To investigate the effect that loss of merlin or expanded has on the germline
population, germ cells were marked using a germline specific protein Vasa. Mer or Ex
RNAi expression caused a decrease in the number of germline stem cells (GSCs), defined
as Vasa positive cells in physical contact with the hub (marked by fasciclin III, fas3.
c587-gal4> UAS-MerRNAi resulted in an average of 6.0 GSCs per testis compared to 8 in
control (Fig.3C), while ExRNAi resulted in an average of 5.6 GSCs compared to 9.3 in
control (Fig.4C).
The phenotype of the MerTs1 alone was also examined. Flies with MerTs1 raised at
18°C, then shifted to the nonpermissive temperature of 29°C for 3 days showed an
increase in the number of Tj+ cyst cells (Fig. 5B- average of 51 per testis compared to
control of 36.5 in controls) as well as a decrease in the number of GSCs (Fig. 5Caverage of 7.3 cells per testis compared to 3.2 in controls), similar to the results observed
with merlin RNAi (Fig.3). The results of both MerTs1 and MerRNAi are consistent with
previous findings reported by Inaba et.al. (4).

A
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Figure 3: Cyst cell number increased while GSC number decreased in Mer RNAi testis.
A) Testes of control and MerRNAi experiments aged for 15 days, Cyst cells are marked
by Tj in green, the germline is marked by Vasa in magenta, the hub is marked by Fas3
in white. B) Loss of Mer caused an increase in the number of Tj+ cyst cells. C) Loss of
mer caused a decrease in GSC number. **P<0.01, ***P<0.001
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Figure 4: Expanded RNAi led to an increase in cyst cell number and decreased GSC
number A) Testes of control and ExRNAi experiments aged for 15 days, Cyst cells are
marked by Tj in green, the germline is marked by Vasa in magenta, the hub is marked
by Fas3 in white B) Loss of Ex caused an increase in the number of Tj+ cyst cells. C)
Loss of Ex caused a decrease in GSC number. *P<0.05, ***P<0.001

28
A

Figure 5: Cyst cell number increased while GSC number decreased in Merts1 testes.
A) Testes of control and MerTs1 raised at 18°C the shifted to 29°C for 3 days, Cyst
cells are marked by Tj in green, the germline is marked by Vasa in magenta, the hub
is marked by Fas3 in white. B) Loss of Mer caused an increase in the number of Tj+
cyst cells. C) GSCs decreased in MerTs1 testes. **P<0.01, ***P<0.001
Loss of Both Merlin and Expanded
To investigate the loss of both merlin and expanded in the cyst lineage, a cross of
Merts1/Fm6;Tjgal4/Cyo females to Uas-ExRNAi males was performed to produce progeny
that had both loss function in merlin using the temperature sensitive allele and loss of
function in expanded using RNAi mediated knockdown. Interestingly, an increase in Tj+
cyst cells was not observed in this cross, aged for 7 days at 29°C. Although the loss of a
both merlin and expanded caused an significant decrease in GSCs compared to loss of
each gene individually (Merts1+ ExRNAi averaged 4.2 GSCs per testis, while Merts1
averaged 6.9 GSCs, ExRNAi 6.3 GSCs, and control testes averaged 10.1 GSCs) (Fig.6).
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Interestingly, some of the Merts1+ ExRNAi testes examined completely lacked GSCs and
had a loss of late stage germline cells (3 out of 23 examined).

A

Figure 6. Loss of merlin and expanded caused a decrease in GSC number. A) Images
of testes in double loss of function experiments, Cyst cells are marked by Tj in green,
the germline is marked by Vasa in magenta, the hub is marked by Fas3 in white. B)
Loss of both mer and ex caused a greater decrease in the number of GSCs, which are
defined as vasa positive cells touching the hub, than loss of mer or ex individually
**P<0.01, ***P<0.001 C) No change was observed in the average number of Tj+ cyst
cells.
Loss of Merlin and Expanded Promotes Cyst Cell
Division Outside of the Niche
Edu labeling and staining was performed to investigate the influence of merlin
and expanded on cell division. Edu, or 5-ethynyl-2-deoxyuridine, is a thymine analog that
gets incorporated into cells actively in S-phase. Newly dissected testes were labeled for
thirty minutes in Edu prior to fixation. In normal testes, only CySCs near the hub undergo

30
cell division, and in our controls, we never observed cyst cells dividing away from the
hub (defined as less than two germ cell lengths away from the hub; Figure 7A). When
either merlin or expanded were inhibited, we observed Tj+, EdU+ cyst cells more than two
germ cell lengths away from the hub in 11 out of 24 testes, and 10 out of 24 testes
respectively (Figure 7B, C, and E). When double mutant testes (Merts1+ ExRNAi) testes
were examined, Tj+, EdU+ cyst cells away from the hub were found in 21 out of 23 testes
examined (Fig.7D and E). This indicates that both merlin and expanded play a role in
regulating cell cycle progression in the cyst lineage.
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Figure 7: Mer and Ex regulate cell cycle progression in cyst cells. Mer and Ex single
and double knockdowns labeled for cells in S-phase (EdU). A-D: Cyst lineage marked
with Tj (green), Germ cells marked with vasa (magenta), Hub marked with Fas 3
(white), Edu (white). A’-D’: Cyst lineage cells marked with Tj (red), Hub and Edu
positive cells (green). Arrows show Edu + and Tj + cells more than two germline cell
diameters from the hub. E. Quantitation of the percent of testes with Edu positive Tj
cells away from the hub.
Merlin, but Not Expanded, Regulates
Differentiation of Cyst Cells
To investigate if cyst cells differentiated normally with loss of either Merlin or
Expanded or both, we examined testes stained for both Tj and Eya. Eya is a marker of
late stage differentiating cyst cells, and is expressed at high levels in late stage cyst cells,
but at low levels in earlier stage cyst cells that are also Tj+ (35). If cyst cells are
differentiating normally, this number of Tj+,eya+ cells should remain roughly consant
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between testes. In MerTs1 testes aged for 6 days at 29°C, or when both merlin and
expanded were inhibited in Merts1;Tj-gal4>ExRNAi testes, there was a significant decrease
in the number of Tj+,eya+ cyst cells, with an average of 4.9 and 7.8 Tj+,eya+ cyst cells
respectively, compared to the control 22.5 Tj+,eya+ cyst cells. Loss of Expanded alone
caused no significant change in the number of cyst cells compared to control (Fig. 8).
These results indicate that Merlin plays a role in the regulation of cyst cell differentiation
although Expanded does not. Thus, merlin and expanded may have connected but also
independent functions.

Figure 8: Mer and Ex double knockdown stained for Tj and Eya. A-D: Cyst lineage
marked with Tj (green), Germ cells, vasa (magenta), Hub, E-cad (white). A’-D’: Cyst
lineage cells marked with Tj (green), and Eya (red). Arrowsheads indicate cells that
are Eya + and Tj +. E) loss of Merlin alone, or Merlin and expanded, led to a decrease
in the number of Tj+, eya+ cells, while expanded did not. ***P<.001
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Constitutively Active Merlin Results in
Similar Phenotype to
Loss of Function
Merlin’s tumor suppressor activity is regulated by a phosphorylation event on its
C-terminal end (6, 74). In Drosophila this phosphorylation event occurs at Thr616, and
when Merlin is phosphorylated it is inactivated and does not suppress growth (51, 75). To
constitutively activate Merlin, we used two mutants that cannot be phosphorylated at the
Thr616 position. MerT616A has an amino acid substitution that blocks the phosphorylation
event, causing Merlin to always be active in its tumor suppressor role (51). Mer1-600 is a
truncated version of the protein that cannot be regulated, but still maintains its tumor
suppressor ability (75). We expressed these two constitutive merlin mutants in the cyst
lineage with the c587-Gal4 driver. Expression either MerT616A or Mer1-600 caused an
increase in the number of Tj+ cyst lineage cells, as well as a decrease in the number of
GSCs. c587-Gal4> Uas-MerT616A testes averaged 92.5 Tj+ cyst cells per testis, while
control testes averaged 67.1 (Fig.9B). C587-Gal4> UAS- Mer1-600 flies averaged 77.6 Tj+
cyst cells per testis compared to 42.4 in control (Fig.10B). Consistent with a proliferation
suppressive function, both constitutively active forms of Merlin also showed a decrease
in the number of GSCs, with MerT616A testes averaging 3.6, compared to control testes
with 6.2 per testis (Fig.9C), and Mer1-600 testes averaging 5.6 GSCs compared to control
testes with 7.7 per testis (Fig.10C). These results are phenotypically similar to Merlin loss
of function results, even though Merlin loss of function would have opposite effects on
the pathways Merlin regulates. These results suggest that Merlin might function to
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maintain a balance between these signaling pathways, and that a disruption in this
balance results in a similar phenotype.
A

Figure 9. Cyst cell number is increased and GSC number is decreased in testes with
constitutive Merlin. A) Control and MerT616A testes aged at 29°C for 7 days, Cyst
cells are marked by Tj in green, the germline is marked by Vasa in magenta, the hub
is marked by Ecad in white. B) Quantification of cyst lineage cells per testis;
MerT616A testes show an increase in the number of Tj+ Cyst lineage cells. C)
Quantification of GSCs per testis; MerT616A testes show a decrease in the number of
GSCs. ***P<0.001
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Figure 10. Cyst cell number is increased and GSC number is decreased in testes with
constitutive Merlin. A) Control and Mer1-600 testes aged at 29°C for 13 days, Cyst
cells are marked by Tj in green, the germline is marked by Vasa in magenta, the hub is
marked by Ecad in white. B) Mer1-600 testes show an increase in the number of Tj+
Cyst lineage cells. C) quantification of GSCs per testis; Mer1-600 testes show a
decrease in the number of GSCs. *P<.05, ***P<0.001

Constitutively Activated Merlin
and Cell Division
To investigate constitutively activated Merlin’s effect on cell division, Edu
labeling was performed as in the loss of function experiments. Both MerT616A and Mer1-600
showed Tj+ cyst cells positive for Edu more than two cell lengths way from the hub (7
out of 30 testis examined and 8 out of 32 testis examined respectively; Fig.11). This
indicates that, similarly to Merlin loss of function, constitutively activated Merlin also
leads to inappropriate S-phase entry of cyst cells away from the hub. This result is rather
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counterintuitive and seems to indicate that the role Merlin plays in the cyst lineage is
more complex than would be predicted by the simple model of it as just an inhibitor of
cellular proliferation.

Figure 11. Constitutive Merlin results in inappropriate S-phase entry of cyst cells.
c587Gal4> expression of MerT616A or Mer1-600 stained for S-phase marker (EdU). A-C:
Cyst lineage marked with Tj (green), Germ cells, vasa (magenta), Hub, Fas 3 (white),
Edu (white). A’-C’: Cyst lineage cells marked with Tj (green), Hub and Edu positive
cells (red). White arrowheads show Edu + and Tj + cells more than two germline cell
diameters from the hub. Blue arrowheads show Edu+,TJ+ cyst cells less than two
germline cells away from the hub. D: Control testes showed no Edu positive Tj cells
away from the hub N=20, 7 out of 30 MerT616A testes examined showed Tj cells away
from the hub, 9 out of 29 Mer1-600 testes examined showed Tj cells away from the hub.
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Constitutively Active Merlin Led to an Increase
in Zfh-1-positive Cyst Lineage Cells
The transcription factor Zfh-1 is necessary for the maintenance of CySCs (25).
Cyst cells that have high levels of Zfh-1 that are in contact with the hub are considered
CySCs, though their immediate daughters will also accumulate high levels of Zfh-1. As
these cells move away from the hub, zfh-1 expression decreases (25). We found that
expression of constitutively activated Merlin (Mer1-600) led to an increase in the number
of Zfh-1 bright cells (Fig.12A-C). Interestingly, the excess Zfh-1-bright cells were
located many cell lengths away from the hub, outside of the niche region in 13 out of 18
testes examined. We also counted the number of Eya+ cells in these testes and observed a
decrease in the number of Eya+ cells in the Mer1-600 testes compared to the control testes
(Fig.12D). These data indicate that constitutive Merlin causes cyst cells to retain some
stem cell characteristics, including cell division and zfh-1 expression, at the expense of
the normal differentiation program.
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Figure 12. Constitutive Merlin causes an increase in Zfh-1+ cells, and a decrease in
Eya+ cells. c587Gal4> Mer1-600 aged for 14 days at 29°C. A and B: show testis of
control flies and Mer1-600. Zfh-1 a marker of CySCs and their immediate daughters
(green), Vasa labels the germline (magenta) and E-cadherin marks the hub (white). A’
and B’: show just Zfh-1 stain. A) Control testes only accumulate Zfh-1 near the hub.
B) Mer1-600 testes have Zfh-1 bright cells located many cell lengths away from the hub.
C) Mer1-600 testes have more Zfh-1 bright cells than control. D) Mer1-600 testes have
fewer Eya+ cells than controls. **P<0.01, ***P<0.001
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Rare Phenotype Observed in Merlin
Constitutively Active Experiments
While conducting Merlin constitutively active experiments in both in c587-gal4>
Uas-Mer1-600 and MerT616A, rare testes were observed with extreme over proliferation of
cyst lineage cells. These testes were filled with cyst lineage cells, intermixed with
individual germ cells, and these cyst lineage cells accumulated Zfh-1 at high levels
(Fig.13A). EdU labeling showed that the excess cyst cells divided throughout the whole
testis, and were not limited to the niche region, as observed in wild-type testes (Fig.13C).

B

Figure 13. Rare phenotypes observed in Mer constitutively active experiments. A.
Testes of c587Gal4> MerT616A aged for 7 days shows over proliferation of Zfh-1
bright cyst cells (green). B: c587Gal4> Mer1-600 aged for 13 days show over
proliferation of Tj+ cyst cells. C: c587Gal4> Mer1-600 aged for 14 days show
accumulation of Tj+ cyst cells which are undergoing S phase away from the hub
(FasII, white), C’ shows the more basal end of the same testis in C, filled with Tj+
cyst cells. Germline cells stained with Vasa (magenta).
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Merlin Regulates MAPK Signaling
Intensity in the Testis
Merlin has been implicated in the regulation of multiple cellular pathways, across
multiple cellular contexts in different species (5, 76). Among the pathways most studied
is regulation of EGFR-mediated activation of the MAPK pathway by Merlin (9, 41).
EGFR signaling plays key roles in the regulation of differentiation and encystment of the
germline cells by the cyst cells in the Drosophila testis (3). To investigate the role of
Merlin in regulation of the MAPK pathway in the cyst lineage, testes with constitutively
active Merlin (either MerT616A or Mer1-600) were stained for diphosphoErk (dpERK), the
activated form of Erk, a downstream effector of MAPK activation. dpERK normally
accumulates in all cyst lineage cells of the testis (Fig.14A). To accurately compare
dpERK intensity between control and constitutive Merlin testes, identical antibody
staining conditions were used, and identical microscope imaging settings between the
separate samples were used. In order to compare dpERK intensity in only the relevant
regions of the testes, the 3D objects counter in ImageJ was used to generate a 3D surface
map of all Tj+ cyst cell nuclei (Fig.14A’’’ and B’’’). Then using the Mask function, that
3D surface map was used to take measurements of the dpErk channel intensity in each
Tj+ cyst cell nuclei. The intensities of each Tj+ nucleus were averaged to obtain a
dpERK cyst cell nuclear intensity for each testis, then the intensity values for individual
testes were averaged. This procedure resulted in the independent intensity measurement
of over 500 cyst cell nuclei and should eliminate possible bias associated with comparing
the intensities between samples. Both constitutively active forms of Merlin showed a
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statistically significant decrease in dpERK intensity compared to control testes (Fig.14
C,D), indicating that Merlin is downregulating MAPK signaling in the cyst lineage. This
same method was also used to investigate dpERK intensity in Merlin loss of function,
and a significant increase in dpERK staining intensity was observed in Merts1 testes
compare to control (Fig. 15).

Figure 14. Constitutive Merlin causes a decrease in dpERK accumulation in cyst cell
nuclei. Testes of control and c587Gal4> Uas-MerT616A aged for four days at 29°C
stained for activated Erk, dpErk (grey). To measure intensity of dpErk in Tj+ cyst
cells A’;B’ (green), ImageJ’s 3D objects counter was used to generate a surface map
of Tj+ positive cyst cell nuclei, and intensity measurements were of dpErk stain A”B” only in regains of Tj+ cyst cell nuclei A”’-B”’. C. Mean dperk intensity of tj+ cyst
cell nuclei per testis, both forms of constitutively active merlin showed a statistically
significant decrease in mean dpErk intensity. D. c587Gal4> Mer1-600 aged for 16 days.
**P<.01, ***P<0.001
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Figure 15. Loss of Function Merlin causes an increase in dpERK accumulation in
cyst cell nuclei. Testes of control and MerTs1 aged for eight days at 29°C stained for
activated Erk, dpErk (grey). To measure intensity of dpErk in Tj+ cyst cells A’;B’
(green), ImageJ’s 3D objects counter was used to generate a surface map of Tj+
positive cyst cell nuclei, and intensity measurements were of dpErk stain A”-B” only
in regains of Tj+ cyst cell nuclei A”’-B”’. C. Mean dperk intensity of tj+ cyst cell
nuclei per testis, Merts1 testes showed a statistically significant increase in mean
dpErk intensity. *P<.05,
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Regulation of Encystment by Merlin
The proper encystment of a newly dividing gonialblast by exactly two cyst cells is
essential for proper differentiation (2, 3, 37). Once the gonialblast is encysted, adherens
junctions form between the two cyst cells at around the four cell spermatogonial stage,
followed by septate junctions, creating a permeability barrier between the germline cells
and the surrounding microenvironment (37). This permeability barrier can be visualized
by using 40kD dextran dye. The dye can penetrate the testis sheath but is excluded from
the germline cysts after septate junctions are formed, around the 4-cell spermatogonial
cyst stage (Fig.16A). To investigate Merlin’s effects on encystment, permeability assays
were performed for both loss of function and constitutively active Merlin. Merlin RNAi
testes showed no disruption in encystment (n=9) (Fig. 16B). Expression of constitutive
Merlin showed encystment defects shown by cysts that fail to exclude the dye. MerT616A
testes showed encystment defects in 9 out of 14 testes examined (Fig. 16C), while Mer1600

testes showed encystment defects in 11 out of 13 testes examined (Fig. 16D). These

results show that constitutive Merlin inhibits encystment, while inhibition of Merlin does
not inhibit encystment. The primary regulator of the enycstment process is activation of
the EGFR-MAPK pathway and inhibition of EGFR activation can cause defects in
encystment (2, 3). These results combined with the dpERK results suggest that at least
one of Merlin’s functions within the cyst lineage is to regulate the EGFR-MAPK
pathway.

44

Figure 16. Merlin regulates encystment in the cyst lineage. Dextran dye in in A-D
(red) and A’-D’ (white). Germ cells labeled with Vasa-GFP in A-D. A and A’ show
control testis that is able to exclude Dextran dye past the 4 cells germline stage.
MerRNAi testis is also able to exclude the dextran dye (B and B’). Merlin
constitutively active testes (MerT616A in C and Mer1-600 in D), contain cysts that are
unable to exclude the dye (indicated by arrows).
Constitutively Activated Merlin Represses
the Tor Pathway
In tumors taken from patients with NF2, the primary disease caused by loss of
function in Merlin, there is an increase in the activity of mTOR signaling shown by
increases in activation of downstream targets of mTOR, and that increase is attenuated
when wild type merlin is reintroduced to those tumors; therefore, Merlin can function to
inhibit mTor signaling in mammalian systems, though the mechanism remains unknown
(58, 69, 77). Activation of the Akt/Tor pathway in the immediate daughter cells of CySCs
is critical for their differentiation, and the differentiating cyst cells accumulate
phosphorylated 4E-BP1, a direct target of Tor phosphorylation (36). To investigate
Merlin’s role in regulation of the Tor pathway in the Drosophila cyst lineage, testes
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expressing MerT616A were stained for phosphorylated 4E-BP1. In control testes,
phospho4E-BP1 was absent in CySCs and accumulated in cyst cells in all testis examined
(n=23;Fig. 17A). By contrast, most MerT616A testes showed a reduced staining intensity
for p4E-BP1 in Tj+ cyst cells (Fig. 17B). The p4E-BP1 staining intensity of the Tj+ cyst
cell nuclei was quantified as previously described for the dpERK stain. Intensity results
showed a statistically significant difference between control and MerT616A testes
(Fig.16C). This result indicates that constiutively activated Merlin downregulates the Tor
pathway in the Drosophila Cyst lineage, suggesting Merlin regulates differentiation in
they cyst lineage via the Tor pathway.
C

Figure 17. Constitutive Merlin causes downregulation of Tor signaling. A,B Testes of
control (A) and c587Gal4> Uas-MerT616A (B), aged for 10 days at 29°C stained for
p4E-BP1 (red), hub is marked by Fas3 (white), cyst lineage is marked by Tj (green)
and the germline marked by Vasa (magenta). A’B’: show both Tj cells (green) and
p4E-BP1 (red).I In control testes, immediate daughters of CySCs show p4E-BP1
accumulation while Uas-MerT616A testes have minimal p4E-BP1 accumulation. A”,
B”: shows p4E-BP1 alone (white), with hub position marked by an asterisk. C: The
average intensity of p4E-BP1 in Tj nuclei in control vs Uas-MerT616A. There is a
significant decrease in the intensity of p4E-Bp1 in Uas-MerT616A testes. *P<0.05
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CHAPTER V
DISCUSSION
Since its discovery as the cause of Neurofibromatosis type 2 in 1993 (78, 79),
Merlin has been extensively studied and has been linked to many different signaling
pathways (76). Despite our increasing understanding of Merlin’s biological function,
there still remains little treatment for patients with Nf2. While loss of Merlin is not
associated with the development of other carcinomas, cancers that have loss of function
in merlin tend to be more resistant to chemo and radiation therapies, and have higher
rates of malignancy; interestingly these characteristics are also associated with cancer
stem cells (13, 45). Increasingly in the field of cancer research, the importance of the
microenvironment in promoting tumor growth and metastasis is becoming more clear
(80, 81). Merlin’s role has emerged as an integrator of many different signals from the
microenvironment to regulate cell behavior. It has now been shown to regulate several
different stem cell populations (4, 82). A better understanding of how Merlin functions in
these normal stem cell contexts could lead to improved treatment options for patients
with Nf2 as well as provide an improved understanding of how this balance between the
microenvironment and stem cell like state contributes to increased malignancy in various
cancers (4, 82).
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Merlin and Expanded Loss of Function
In this study we sought to characterize the role of merlin and expanded in the cyst
lineage in the stem cell niche of the Drosophila testis. Consistent with previous work
done, we showed that merlin loss of function caused an increase in the number of cyst
cells in the testis (4). This phenotype was also observed in testes that had loss of function
in expanded, indicating that both merlin and expanded function in the cyst lineage to
regulate cell number. Loss of either merlin or expanded from the cyst lineage cells also
had a non-autonomous effect on the germline stem cells (GSCs), causing the number to
decrease. This indicates that loss of either gene leads to cyst stem cells (CySCs) that are
able to partially outcompete the GSCs for access to the hub.
When both merlin and expanded were lost from the cyst lineage, the cyst cell
number did not further increase compared to each individual mutant. However, the GSC
number dropped significantly more than was observed with loss of either merlin or
expanded individually. In some cases, GSCs were lost completely, indicating that
ablation of both genes created CySCs that are significantly more competitive for niche
occupancy.
The increase in the number of cyst lineage cells was previously suggested to be
due to loss of contact inhibition in merlin mutant testes (4). Inaba et al. found that some
phenotypes were inhibited by the introduction of excess E-cadherin, suggesting that part
of the problem in these testes was due to a destabilization of adherens junctions (4). Since
Merlin and Expanded also function to repress receptor tyrosine kinases such as EGFR,
we decided to test whether accumulation of dpERK was increased upon merlin and
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expanded ablation. We observe an increase in dpERK accumulation, suggesting that the
phenotype was not strictly due to defects in adherens junctions. In the cyst lineage EGFR
signaling through MAPK along with Rac1 are important for encystment of the germline
by exactly two cyst cells. Disruption in these two pathways has been shown to cause
defects in encystment, resulting in improper differentiation of the germline (2, 3). If
Merlin is regulating these two pathways within the cyst lineage merlin loss of function
should not have any impact on encystment as these two pathways should be active. These
predictions where confirmed by permeability assays, testis with loss of function in Merlin
showed testis that were able to form proper septate junctions. Proper septate junction
formation can only happen once proper encystment and adherens junctions are formed
(37). This result also supports the notion that defects in adherence junctions are not
strictly responsible for the phenotype observed with merlin loss of function.
Many different factors have been found to increase the competitiveness of CySCs
for niche occupancy. These include the hippo pathway, JAK-STAT with the MAPK
pathway, as well as the hedgehog pathway (20-23). These different genetic conditions all
result in the increase of dpERK and MAPK signaling in the CySCs, suggesting that the
levels of signaling are key to their competitiveness. The increase in dpERK that we
observed with loss of expanded and merlin therefore explains the increased
competitiveness of these cells for niche occupancy, and the concomitant loss of GSCs.
When both Merlin and Expanded are lost from the cyst lineage they become unable to
dampen many signaling pathways, leading to an increase in the activation of the MAPK
pathway more than loss of each individually, leading to the hyper competitive nature of
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the CySCs in double loss of function experiments. Future studies will be needed to
understand what pathways these two proteins regulate together and what pathways they
regulate individually. We did demonstrate that Merlin and Expanded do regulate at least
some independent pathways, as Merlin loss of function cyst cells had defects in
differentiation while Expanded loss of function cyst cells did not.
In addition to effects in the CySCs, we also observed cyst cells that progressed
through the cell cycle when they were far away from the hub in merlin or expanded
mutants, and the fraction of testes with this phenotype increased in the double mutant
testes. Normally, CySCs are the only population of cells that divide in the cyst lineage.
This phenotype could be a result of the loss of contact with the germline cells. Merlin and
Expanded loss of function cells are often observed not associated with germline cells,
especially when they completely outcompete the germline from access to the niche. This
phenotype was also observed in merlin loss of function cells by Inaba et al. (4). It is
possible that association with the germline is a key regulator of proliferation in the cyst
lineage, and that loss of association with the germline in combination with the inability to
dampen growth signals due to loss of Merlin and Expanded can lead to cyst lineage cells
able to divide away from the hub. Further work will be needed, however, to test the
potential regulatory effects on proliferation that come with association with the germline.
Recently it has been shown that merlin and expanded, while having some
overlapping functions, also have independent functions (46). Consistent with this, we
observed a cyst lineage cell defect in merlin mutants, but not in expanded mutants. We
found that loss of merlin led to a decrease in the number of cyst cells that are associated
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with later transit-amplifying spermatogonia and early spermatocytes. We quantified this
observation by counting Tj+ cyst cells that also stained for the marker of differentiation,
Eyes Absent (Eya). Further investigation will be needed to fully understand the reasons
for this defect. It could be that more early-stage germline cysts are accumulating due to
the increase in cyst cells near the hub, or it could be that differentiation through this stage
is accelerated by loss of merlin. While we do not know the mechanisms involved, this is
consistent with reports in the literature that Expanded acts on a more limited array of
pathways, including Hippo signaling and growth factor receptor endocytosis, while
Merlin can act on a more diverse group of pathways (67, 76). In the cyst lineage, our data
indicate that both Merlin and Expanded regulate pathways involved in cellular
competition and proliferation, while Merlin alone acts on pathways that regulate
differentiation of the cyst lineage.
Constitutively Active Merlin Shows a Similar
Phenotype to Loss of Function
To further characterize the function of merlin in the testis, we used two
constitutively activated forms of Merlin, Uas-Mer1-600 and MerT616A. These alleles both
paradoxically showed a similar phenotype to merlin loss of function, with more Tj+ cyst
lineage cells and fewer GSCs. These testes also displayed cyst cells in S-phase away
from the hub. These testes also had a phenotype that was distinct from the merlin loss of
function testes; cyst lineage cells accumulated far from the hub which expressed the
CySC marker zfh-1. Normally, Zfh-1+ cells are only observed in CySCs and their
immediate daughters. These results suggested that when constitutively activated Merlin
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was expressed in the cyst lineage, they retained a more stem cell like state, since cells
retained two hallmarks of CySCs—zfh-1 expression and continued progression through
the cell cycle.
The phenotype we observed with constitutive Merlin was very reminiscent of that
observed in a published study of insulin signaling via the Akt/Tor pathway. Amoyel et al.
(2016) showed that inhibition of components of the Akt/Tor pathway resulted in cyst
lineage cells that maintained a stem cell like identity, with cyst lineage cells expressing
zfh-1 and dividing many cell lengths away from the hub, and showing little to no Eya
expression (36). Although Merlin has been implicated in downregulation of the Tor
pathway in humans (77, 83), Drosophila Merlin has thus far not been implicated in
regulation of Akt/Tor signaling. We tested whether the constitutive Merlin phenotype
may be due to a change in Tor signaling by staining for a phosphorylated protein, p4EBP1, that is directly phosphorylated by activated Tor. In wild-type testes, this
phosphorylated Tor target accumulated only in differentiating cyst cells, and in
constitutive Merlin testes, p4E-BP1was barely detectable. Thus, Merlin activity inhibits
Tor signaling. We believe that the constitutive Merlin phenotype of excess stem-like cells
in the cyst lineage can be primarily attributed to effects on Tor signaling.
We also examined whether testes with constitutive Merlin excluded dye from the
germ cell cysts, and found that dye was not excluded as it is in normal testes. These
results suggest a defect in encystment of the germline cells by the cyst cells. This might
occur due to defects in initial adherens junction formation, which is required in order for
the cyst cells to form their final septate junctions (37). It could alternatively be attributed
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to a problem in the initial encystment of the germ cells by differentiating cyst cells, due
to an inhibition of either EGFR or Rac activation. To investigate this question, we stained
constitutive Merlin testes with dpERK, and observed a significant reduction in dpERK
accumulation compared to wild-type testes. These data suggest that the reason for failure
of encystment is likely due to inhibition of EGFR, which is necessary to activate Rac to
promote encystment (2, 3).
Model for Merlin’s Regulation
and Future Directions
The results presented above suggest a model of merlin’s function in the testis that
is complex and involves multiple pathways. It is likely that Merlin and Expanded both
play a role in balancing these different pathways, to insure they are activated and
inactivated at the correct times. Merlin is needed in its active state, likely to dampen
proliferation and differentiation signals when CySCs are at the niche. When CySCs need
to divide, Merlin is inactivated possibly through the division of a GSC disrupting the cellcell contact between two CySCs allowing for the proliferation and differentiation of the
CySCs (Fig.18).
Though we hypothesize that it is the cell-cell contact between CySCs that leads to
Merlin activation of contact inhibition, the mechanism of how Merlin is activated and
inactivated is unknown. It also remains unclear how Merlin and Expanded regulate the
balance between multiple signaling pathways, and why one pathway seems to
predominate in determining the phenotype in different situations of loss or gain of
function experiments. Finally, the mechanism of how Merlin and Expanded act upon
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proliferation during contact inhibition, and how mechanisms of cell-cell competition at
the niche remain poorly understood. All these are potential areas for future work to
further elucidate the functions of Merlin and Expanded in the testis niche.

Figure 18. Model for Merlin function in the cyst lineage. Left: In CySCs flanking a
GSC that maintain cell-cell contact with each other, Merlin is active, dampening growth
and differentiation signals that keep CySCs from dividing.
Right: A dividing GSC disrupts the cell-cell contact between two CySCs, causing
inactivation of Merlin. This allows for increased receptivity to growth and
differentiation signals.

54

REFERENCES

1.

E. L. Matunis, R. R. Stine, M. de Cuevas, Recent advances in Drosophila male
germline stem cell biology. Spermatogenesis 2, 137-144 (2012).

2.

K. F. Lenhart, S. DiNardo, Somatic cell encystment promotes abscission in
germline stem cells following a regulated block in cytokinesis. Developmental
cell 34, 192-205 (2015).

3.

A. Sarkar et al., Antagonistic roles of Rac and Rho in organizing the germ cell
microenvironment. Current biology 17, 1253-1258 (2007).

4.

M. Inaba, D. R. Sorenson, M. Kortus, V. Salzmann, Y. M. Yamashita, Merlin is
required for coordinating proliferation of two stem cell lineages in the Drosophila
testis. Sci Rep 7, 2502 (2017).

5.

T. Okada, L. You, F. G. Giancotti, Shedding light on Merlin's wizardry. Trends
Cell Biol 17, 222-229 (2007).

6.

R. J. Shaw et al., The Nf2 tumor suppressor, merlin, functions in Rac-dependent
signaling. Developmental cell 1, 63-72 (2001).

7.

S. Maitra, R. M. Kulikauskas, H. Gavilan, R. G. Fehon, The Tumor Suppressors
Merlin and Expanded Function Cooperatively to Modulate Receptor Endocytosis
and Signaling. Current Biology 16, 702-709 (2006).

8.

B. M. McCartney, R. M. Kulikauskas, D. R. LaJeunesse, R. G. Fehon, The
neurofibromatosis-2 homologue, Merlin, and the tumor suppressor expanded
function together in Drosophila to regulate cell proliferation and differentiation.
Development 127, 1315 (2000).

9.

M. Curto, B. K. Cole, D. Lallemand, C.-H. Liu, A. I. McClatchey, Contactdependent inhibition of EGFR signaling by Nf2/Merlin. J Cell Biol 177, 893-903
(2007).

55
10.

J. A. Thomson et al., Embryonic stem cell lines derived from human blastocysts.
Science 282, 1145-1147 (1998).

11.

L. Li, T. Xie, Stem cell niche: structure and function. Annu. Rev. Cell Dev. Biol.
21, 605-631 (2005).

12.

R. Schofield, The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood cells 4, 7-25 (1978).

13.

T. Reya, S. J. Morrison, M. F. Clarke, I. L. Weissman, Stem cells, cancer, and
cancer stem cells. Nature 414, 105-111 (2001).

14.

R. W. Hardy, K. T. Tokuyasu, D. L. Lindsley, M. Garavito, The germinal
proliferation center in the testis of Drosophila melanogaster. Journal of
Ultrastructure Research 69, 180-190 (1979).

15.

Y. M. Yamashita, D. L. Jones, M. T. Fuller, Orientation of Asymmetric Stem Cell
Division by the APC Tumor Suppressor and Centrosome. Science 301, 1547
(2003).

16.

C. Schulz, C. G. Wood, D. L. Jones, S. I. Tazuke, M. T. Fuller, Signaling from
germ cells mediated by the &lt;em&gt;rhomboid&lt;/em&gt; homolog
&lt;em&gt;stet&lt;/em&gt; organizes encapsulation by somatic support cells.
Development 129, 4523 (2002).

17.

A. A. Kiger, H. White-Cooper, M. T. Fuller, Somatic support cells restrict
germline stem cell self-renewal and promote differentiation. Nature 407, 750
(2000).

18.

J. Tran, T. J. Brenner, S. DiNardo, Somatic control over the germline stem cell
lineage during Drosophila spermatogenesis. Nature 407, 754 (2000).
R. R. Stine, E. L. Matunis, Stem cell competition: finding balance in the niche.
Trends Cell Biol 23, 357-364 (2013).

19.
20.

M. Issigonis et al., JAK-STAT signal inhibition regulates competition in the
Drosophila testis stem cell niche. Science 326, 153-156 (2009).

21.

S. R. Singh et al., Competitiveness for the niche and mutual dependence of the
germline and somatic stem cells in the Drosophila testis are regulated by the
JAK/STAT signaling. Journal of Cellular Physiology 223, 500-510 (2010).

22.

M. Amoyel, J. Anderson, A. Suisse, J. Glasner, E. A. Bach, Socs36E Controls
Niche Competition by Repressing MAPK Signaling in the Drosophila Testis.
PLoS Genet 12, e1005815 (2016).

56
23.

M. Amoyel, B. D. Simons, E. A. Bach, Neutral competition of stem cells is
skewed by proliferative changes downstream of Hh and Hpo. The EMBO journal
33, 2295-2313 (2014).

24.

S. Sun, S. Zhao, Z. Wang, Genes of Hippo signaling network act
unconventionally in the control of germline proliferation in Drosophila.
Developmental dynamics: an official publication of the American Association of
Anatomists 237, 270-275 (2008).

25.

J. L. Leatherman, S. Dinardo, Zfh-1 controls somatic stem cell self-renewal in the
Drosophila testis and nonautonomously influences germline stem cell selfrenewal. Cell Stem Cell 3, 44-54 (2008).

26.

M. S. Flaherty et al., chinmo Is a Functional Effector of the JAK/STAT Pathway
that Regulates Eye Development, Tumor Formation, and Stem Cell Self-Renewal
in Drosophila. Developmental Cell 18, 556-568.

27.

A. A. Kiger, D. L. Jones, C. Schulz, M. B. Rogers, M. T. Fuller, Stem cell selfrenewal specified by JAK-STAT activation in response to a support cell cue.
Science 294, 2542-2545 (2001).

28.

J. L. Leatherman, S. Dinardo, Germline self-renewal requires cyst stem cells and
stat regulates niche adhesion in Drosophila testes. Nat Cell Biol 12, 806-811
(2010).

29.

E. Kawase, M. D. Wong, B. C. Ding, T. Xie, Gbb/Bmp signaling is essential for
maintaining germline stem cells and for repressing &lt;em&gt;bam&lt;/em&gt;
transcription in the &lt;em&gt;Drosophila&lt;/em&gt; testis. Development 131,
1365 (2004).

30.

A. A. Shivdasani, P. W. Ingham, Regulation of Stem Cell Maintenance and
Transit Amplifying Cell Proliferation by TGF-β Signaling in Drosophila
Spermatogenesis. Current Biology 13, 2065-2072 (2003).

31.

E. Kawase, M. D. Wong, B. C. Ding, T. Xie, Gbb/Bmp signaling is essential for
maintaining germline stem cells and for repressing bam transcription in the
Drosophila testis. Development 131, 1365-1375 (2004).

32.

R. Xu et al., Self-restrained regulation of stem cell niche activity by niche
components in the Drosophila testis. Developmental Biology 439, 42-51 (2018).

33.

E. Matunis, J. Tran, P. Gonczy, K. Caldwell, S. DiNardo, punt and schnurri
regulate a somatically derived signal that restricts proliferation of committed
progenitors in the germline. Development 124, 4383 (1997).

57
34.

B. B. Parrott, A. Hudson, R. Brady, C. Schulz, Control of germline stem cell
division frequency–a novel, developmentally regulated role for epidermal growth
factor signaling. PLoS One 7, e36460 (2012).

35.

A. G. Hudson, B. B. Parrott, Y. Qian, C. Schulz, A temporal signature of
epidermal growth factor signaling regulates the differentiation of germline cells in
testes of Drosophila melanogaster. PloS one 8, e70678 (2013).

36.

M. Amoyel, K.-H. Hillion, S. R. Margolis, E. A. Bach, Somatic stem cell
differentiation is regulated by PI3K/Tor signaling in response to local cues.
Development 143, 3914-3925 (2016).

37.

M. J. Fairchild, C. M. Smendziuk, G. Tanentzapf, A somatic permeability barrier
around the germline is essential for Drosophila spermatogenesis. Development,
dev-114967 (2014).

38.

A. I. McClatchey, A. S. Yap, Contact inhibition (of proliferation) redux. 24, 685694 (2012).

39.

T. Okada, M. Lopez-Lago, F. G. Giancotti, Merlin/&lt;em&gt;NF-2&lt;/em&gt;
mediates contact inhibition of growth by suppressing recruitment of Rac to the
plasma membrane. The Journal of Cell Biology 171, 361 (2005).

40.

H. Morrison et al., The NF2 tumor suppressor gene product, merlin, mediates
contact inhibition of growth through interactions with CD44. Genes &
development 15, 968-980 (2001).

41.

B. K. Cole, M. Curto, A. W. Chan, A. I. McClatchey, Localization to the Cortical
Cytoskeleton Is Necessary for Nf2/Merlin-Dependent Epidermal Growth Factor
Receptor Silencing. Molecular and Cellular Biology 28, 1274-1284 (2008).

42.

A. I. McClatchey, R. G. Fehon, Merlin and the ERM proteins--regulators of
receptor distribution and signaling at the cell cortex. Trends Cell Biol 19, 198-206
(2009).

43.

J. Trofatter, A novel moesin-, ezrin-, radixin-like gene is a candidate for the
neurofibromatosis 2 tumor suppressor. Cell 72, 791-800 (1993).

44.

R. D. Schroeder, L. S. Angelo, R. Kurzrock, NF2/merlin in hereditary
neurofibromatosis 2 versus cancer: biologic mechanisms and clinical associations.
Oncotarget 5, 67 (2014).

45.

A. M. Petrilli, C. Fernández-Valle, Role of Merlin/NF2 inactivation in tumor
biology. Oncogene 35, 537-548 (2016).

58
46.

F. Hamaratoglu et al., The tumour-suppressor genes NF2/Merlin and Expanded
act through Hippo signalling to regulate cell proliferation and apoptosis. Nature
cell biology 8, 27 (2006).

47.

C. Stern, C. B. Bridges, The mutants of the extreme left end of the second
chromosome of Drosophila melanogaster. Genetics 11, 503 (1926).

48.

M. Boedigheimer, P. Bryant, A. Laughon, Expanded, a negative regulator of cell
proliferation in drosophila, shows homology to the NF2 tumor suppressor.
Mechanisms of Development 44, 83-84 (1993).

49.

M. Boedigheimer, A. Laughon, Expanded: a gene involved in the control of cell
proliferation in imaginal discs. Development 118, 1291-1301 (1993).

50.

K. Alfthan, L. Heiska, M. Grönholm, G. H. Renkema, O. Carpén, Cyclic AMPdependent protein kinase phosphorylates merlin at serine 518 independently of
p21-activated kinase and promotes merlin-ezrin heterodimerization. Journal of
Biological Chemistry (2004).

51.

S. C. Hughes, R. G. Fehon, Phosphorylation and activity of the tumor suppressor
Merlin and the ERM protein Moesin are coordinately regulated by the Slik kinase.
J Cell Biol 175, 305-313 (2006).

52.

R. F. Hennigan et al., Fluorescence resonance energy transfer analysis of merlin
conformational changes. Mol Cell Biol 30, 54-67 (2010).

53.

I. Sher, C. O. Hanemann, P. A. Karplus, A. Bretscher, The tumor suppressor
merlin controls growth in its open state, and phosphorylation converts it to a lessactive more-closed state. Dev Cell 22, 703-705 (2012).

54.

J. Ali Khajeh et al., Molecular Conformation of the Full-Length Tumor
Suppressor NF2/Merlin—A Small-Angle Neutron Scattering Study. Journal of
Molecular Biology 426, 2755-2768 (2014).

55.

Y. Yang et al., The PP1 phosphatase flapwing regulates the activity of Merlin and
Moesin in Drosophila. Developmental biology 361, 412-426 (2012).

56.

H. Jin, T. Sperka, P. Herrlich, H. Morrison, Tumorigenic transformation by CPI17 through inhibition of a merlin phosphatase. Nature 442, 576 (2006).

57.

S. Ammoun et al., ErbB/HER receptor activation and preclinical efficacy of
lapatinib in vestibular schwannoma. Neuro-oncology 12, 834-843 (2010).

58.

S. Ammoun et al., The role of insulin-like growth factors signaling in merlindeficient human schwannomas. Glia 60, 1721-1733 (2012).

59
59.

A. Bretscher, K. Edwards, R. G. Fehon, ERM proteins and merlin: integrators at
the cell cortex. Nat Rev Mol Cell Biol 3, 586-599 (2002).

60.

D. Lallemand et al., Merlin regulates transmembrane receptor accumulation and
signaling at the plasma membrane in primary mouse Schwann cells and in human
schwannomas. 28, 854-865 (2009).

61.

E. E. Bosco, J. C. Mulloy, Y. Zheng, Rac1 GTPase: A “Rac” of All Trades.
Cellular and Molecular Life Sciences 66, 370 (2008).

62.

H. Marei, A. Malliri, Rac1 in human diseases: The therapeutic potential of
targeting Rac1 signaling regulatory mechanisms. Small GTPases 8, 139-163
(2016).

63.

C. Yi et al., A tight junction-associated Merlin-angiomotin complex mediates
Merlin's regulation of mitogenic signaling and tumor suppressive functions.
Cancer cell 19, 527-540 (2011).

64.

J. L. Kissil, K. C. Johnson, M. S. Eckman, T. Jacks, Merlin phosphorylation by
p21-activated kinase 2 and effects of phosphorylation on merlin localization.
Journal of Biological Chemistry 277, 10394-10399 (2002).

65.

B. M. Gumbiner, N.-G. Kim, The Hippo-YAP signaling pathway and contact
inhibition of growth. J Cell Sci 127, 709-717 (2014).

66.

J. Yu et al., Kibra functions as a tumor suppressor protein that regulates Hippo
signaling in conjunction with Merlin and Expanded. Dev Cell 18, 288-299 (2010).

67.

T. Su, M. Z. Ludwig, J. Xu, R. G. Fehon, Kibra and Merlin Activate the Hippo
Pathway Spatially Distinct from and Independent of Expanded. Dev Cell 40, 478490 e473 (2017).

68.

M. Laplante, D. M. Sabatini, mTOR signaling in growth control and disease. Cell
149, 274-293 (2012).

69.

M. F. James et al., NF2/Merlin Is a Novel Negative Regulator of mTOR Complex
1, and Activation of mTORC1 Is Associated with Meningioma and Schwannoma
Growth. Molecular and Cellular Biology 29, 4250-4261 (2009).

70.

M. A. Li, J. D. Alls, R. M. Avancini, K. Koo, D. Godt, The large Maf factor
Traffic Jam controls gonad morphogenesis in Drosophila. Nature Cell Biology 5,
994 (2003).

60
71.

H. T. Broihier, L. A. Moore, M. Van Doren, S. Newman, R. Lehmann, zfh-1 is
required for germ cell migration and gonadal mesoderm development in
Drosophila. Development 125, 655 (1998).

72.

N. MacDougall et al., Merlin, the Drosophila homologue of neurofibromatosis-2,
is specifically required in posterior follicle cells for axis formation in the oocyte.
Development 128, 665 (2001).

73.

M. A. Li, J. D. Alls, R. M. Avancini, K. Koo, D. Godt, The large Maf factor
Traffic Jam controls gonad morphogenesis in Drosophila. Nature Cell Biology 5,
994-1000 (2003).

74.

E. I. Surace, C. A. Haipek, D. H. Gutmann, Effect of merlin phosphorylation on
neurofibromatosis 2 (NF2) gene function. Oncogene 23, 580-587 (2004).

75.

D. R. LaJeunesse, B. M. McCartney, R. G. Fehon, Structural analysis of
Drosophila merlin reveals functional domains important for growth control and
subcellular localization. The Journal of cell biology 141, 1589-1599 (1998).

76.

J. Cooper, F. G. Giancotti, Molecular insights into NF2/Merlin tumor suppressor
function. FEBS letters 588, 2743-2752 (2014).

77.

M. Giovannini et al., mTORC1 inhibition delays growth of neurofibromatosis
type 2 schwannoma. Neuro-Oncology 16, 493-504 (2014).

78.

J. A. Trofatter et al., A novel moesin-, ezrin-, radixin-like gene is a candidate for
the neurofibromatosis 2 tumor suppressor. Cell 72, 791-800 (1993).

79.

G. A. Rouleau et al., Alteration in a new gene encoding a putative membraneorganizing protein causes neuro-fibromatosis type 2. Nature 363, 515-521 (1993).

80.

M. J. Bissell, W. C. Hines, Why don't we get more cancer? A proposed role of the
microenvironment in restraining cancer progression. Nat Med 17, 320-329 (2011).

81.

I. Malanchi et al., Interactions between cancer stem cells and their niche govern
metastatic colonization. Nature 481, 85-89 (2012).

82.

J. Larsson et al., Nf2/Merlin Regulates Hematopoietic Stem Cell Behavior by
Altering Microenvironmental Architecture. Cell Stem Cell 3, 221-227 (2008).

83.

M. F. James et al., NF2/Merlin Is a Novel Negative Regulator of mTOR Complex
1, and Activation of mTORC1 Is Associated with Meningioma and Schwannoma
Growth. Molecular and Cellular Biology 29, 4250 (2009).

